Peptide nanostructures assembled from an aromatic diphenylalanine have attracted considerable attention because of high thermal and mechanical stabilities of the assembled morphologies. Of diverse assembled structures, liquid crystalline peptide nanowires exhibiting optical and mechanical anisotropies can be a valuable building block for micro-or nano-fluidics, molecular electronics, and biological sensing. In this work, we investigated large scale patterning of liquid crystalline peptide nanowires and pattern transfer. The peptide nanowires could be highly aligned on a substrate by capillary flow over a large area. The high etching resistivity of nanowires to subsequent reactive ion etching process allowed for a successful pattern transfer of the well-aligned nanowire morphology onto the underlying SiO 2 substrate.
INTRODUCTION
Biomaterials, including nucleic acids, 1 phospholipids, 2 peptides, [3] [4] [5] [6] [7] [8] [9] [10] and tobacco mosaic viruses 11 are excellent nanoscale building blocks that can be assembled into a variety of patterned materials. Of various building blocks, aromatic peptides consisting of two successively connected phenylalanine, well known as a structural motif for Alzheimer plaque, assemble into mechanically robust, highly stable nanostructures of nanotubes, 8 nanospheres, 12 13 nanowires, 14 and nanoribbons. 15 Because of the high thermal 16 17 and mechanical 18 19 stabilities of the assembled structures, aromatic peptide molecules have great potential as a building block for a bottom-up nanofabrication process of functional nanostructures.
The peptide nanowires assembled from aromatic diphenylalanine units are of particular interest due to their unique nature 20 including the dielectric, optical and mechanical anisotropies. Recently, we reported that the peptide nanowires display a liquid crystalline behavior. Rigid nanowires assembled from an aromatic peptide of diphenylalanine were individually dispersed in an organic solvent and exhibited a typical colloidal isotropic-nematic phase transition. On account of the liquid crystallinity, the large-scale ordering of the biomolecular assembly can be readily controlled by the application of an electric field 14 or magnetic field. 21 Herein, we investigate the capillarity induced alignment of peptide nanowires and the * Author to whom correspondence should be addressed. subsequent pattern transfer of the well-aligned nanowire morphology by reactive ion etching (RIE) process. The alignment of peptide nanowires could be readily achieved by means of the capillary flow in a microfluidic channel. Owing to the high etching resistivity of the peptide nanowires to ionic plasma, the prepared two-dimensional patterns of nanowires could be transferred onto an inorganic substrate by means of RIE.
EXPERIMENTAL DETAILS

Materials
The lyophilized form of the NH 2 -Phe-Phe-COOH dipeptide was purchased from Bachem (Bubendorf, Switzerland). The ammonia solution was purchased from Junsei Chemical Co. (Japan). The trifluoroacetic acid was purchased from Samchun Pure Chemical Co. (Republic of Korea). The carbon disulfide was purchased from Merck (Germany).
Preparation of Peptide Nanowires and Their Alignment
The peptide nanowires were assembled by the titration of an acid peptide solution up to the isoelectric point of diphenylalanine (pI, 5.52). After the assembly, filtration and subsequent drying at 40 C produced a dried powder of peptide nanowires. A predetermined amount of the dried 
Plasma Resistivity Test and Pattern Transfer
The etching resistivity of peptide nanowires under O 2 , Ar and CF 4 ionic plasma conditions was investigated by using a reactive ion etcher (VSRIE-600T). The plasma generating condition of 50 W RF power, 40 sccm, and 0.1 Torr was used. Silicon wafers with a 1 m thermal oxide layer (SiO 2 /Si) were used as the substrates for the pattern transfer. The aligned peptide nanowires on the SiO 2 /Si substrate were exposed to CF 4 -RIE for 30 minutes under conditions of 100 W RF power, 80 sccm, and 0.1 Torr. After the complete pattern transfer, the inorganic nanostructures fabricated on the substrate surface were cleaned by sonication in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) to remove any residual organic contaminants.
Characterizations
The morphologies of peptide nanowires and inorganic nanostructures fabricated on the substrate surface were investigated by means of a field emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan, accelerating voltage: 5 kV) and polarized optical microscopy (POM). Figure 1 shows the experimental procedure for large area alignment of peptide nanowires and subsequent pattern transfer by RIE. On account of the liquid crystallinity of peptide nanowire dispersions, well-aligned peptide nanowire patterns could be readily prepared by means of the capillary flow in a microfluidic channel. Figure 1 (a) describes the procedure for aligning the peptide nanowires. The microfluidic channel was fabricated by stacking two pieces of substrates separated by spacers. To induce the alignment of the peptide nanowires, liquid crystalline peptide nanowire dispersion was dropped at the entrance of the microfluidic channel. Within a few seconds, the liquid crystalline dispersion filled the microfluidic channel and the volatile CS 2 solvent was completely evaporated, remaining well-aligned peptide nanowire arrays on the SiO 2 /Si substrate. Figure 1(b) shows the scheme for the subsequent pattern transfer onto the silicon substrates by RIE. The highly aligned morphology of nanowires was transferred onto the underlying SiO 2 layer by CF 4 -RIE (100 W RF power, 80 sccm, 0.1 Torr) performed for 30 minutes.
RESULTS AND DISCUSSION
Figure 2(a) shows an optical micrograph for the largefield view of well-aligned peptide nanowires. Despite the relatively simple process, peptide nanowires were highly aligned in the direction of the capillary flow. Due to the low interfacial tension between the liquid crystalline dispersion and organically modified substrate, the peptide nanowire dispersions readily filled the microfluidic channel. [22] [23] [24] Figure 2(b) shows the magnified image of a well-aligned peptide nanowire array.
The nanostructures assembled from diphenylalanine molecules have been reported to show remarkably high thermal, chemical 16 17 and mechanical 18 19 stabilities that originate from the high level of molecular ordering. 25 In this work, we found that peptide nanowires also have a high etching resistivity for Ar and CF 4 -RIE that are frequently used in a semiconductor fabrication process.
26-28 Figure 3 shows of the pattern-transferred SiO 2 nanowires that successfully replicated well-aligned peptide nanowire morphology.
CONCLUSION
We have demonstrated large area patterning of peptide nanowires and subsequent pattern transfer. Peptide nanowires could be highly aligned on SiO 2 substrate by capillary flow, and their remarkably high etching resistivity under RIE process facilitates the pattern transfer of the well-aligned nanowire morphology onto SiO 2 substrate. Our approach utilizes highly stable biomolecular assembly in conjunction with conventional etching process as a route to a large scale nanofabrication process. Further development of our approach may provide a new opportunity for bionanofabrication where a highly efficient biomolecular assembly serves as a useful pathway towards functional nanostructures.
